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termination. Together with other conse-
quences of RfaH action—exclusion of
Rho cofactor NusG from elongation
complexes and direct antitermination
effect on elongation—ribosome recruit-
ment by RfaH results in 400-fold reversal
of Rho-dependent operon polarity in vivo
(Burmann et al., 2012; Sevostyanova
et al., 2011).
The exact mechanism by which RfaH
domain dissociation is triggered by
binding to ops remains unknown. Previ-
ously, Artsimovitch and colleagues identi-
fied five RfaH residues (Lys10, Arg16,
His20, Thr72, and Arg73) that are likely
to bind DNA; all of them are located on
the surface of the NTD, where ops binding
would not compete with the CTD-NTD
interaction (Belogurov et al., 2010).
Because RfaH lacks a discernible DNA-
binding motif, we extracted NTD from
the published structure of RfaH and sub-
jected it to computational analysis by
Patchfinder (http://patchfinder.tau.ac.il).
With a significant score of 0.6065, this
algorithm predicted a potential DNA-
binding patch comprising 13 amino
acids (including all residues that werepreviously implicated in ops binding)
(Figure 1B). Notably, three of these resi-
dues, Leu6, Tyr54, and Val79, are located
at the interface with the CTD, packed
against Leu143 and Ile146, providing
a potential basis for competition between
DNA-binding and NTD-CTD interactions.
Molecular details governing RfaH func-
tion, including the allosteric effect on
RNAP processivity, domain dissociation,
and ops recognition, still await their full
elucidation. This metamorphic transcrip-
tion-translation factor also provides an
excellent platform for studies of protein
fold transition in evolution and in real
time, domain structure-function relation-
ships, and evolutionary strategies of viru-
lence/horizontally transferred operons.ACKNOWLEDGMENTS
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The composition and structure of centromeric nucleosomes, which contain the histone H3 variant
CENP-A, is intensely debated. Two independent studies in this issue, in yeast and human cells, now
suggest that CENP-A nucleosomes adopt different structures depending on the stage of the cell
cycle.A specialized chromatin domain, called
the centromere, ensures accurate chro-
mosome segregation during mitosis.
Centromeres are the foundation for the
assembly of the kinetochore, the site on
each chromosome that acts as the
primary interface between the chromo-
somes and the microtubules of the
mitotic spindle. Maintaining the centro-mere is therefore essential for chromo-
some stability. The chromatin mark
that determines centromere identity is
a specialized histone H3 variant called
CENP-A (called Cse4 in the budding
yeast Saccharomyces cerevisiae). Bud-
ding yeast assemble Cse4 into chromatin
during each round of DNA replication,
whereas vertebrate CENP-A nucleosomeassembly is replication independent,
occurring during telophase and G1.
A recent, controversial question is
whether CENP-A nucleosomes differ in
structure and composition compared
to H3 nucleosomes. Structural and
biochemical studies of both reconstituted
and purified CENP-A nucleosomes have
demonstrated that CENP-A and H4 can150, July 20, 2012 ª2012 Elsevier Inc. 245
Figure 1. Cell-Cycle-Dependent Transitions in Centromeric Nucle-
osomes
(A) Representation of the changes in an individual Cse4 nucleosome during the
cell cycle in S. cerevisiae. Shivaraju et al. propose that, at budding yeast
centromeres, there is one copy of Cse4 during G1, S phase, and G2, and that
Cse4 exists within a hemisome during these phases. The number of Cse4
molecules doubles at centromeres during S phase, concomitant with DNA-
replication. Shivaraju et al. report that the number of Cse4 molecules also
doubles during anaphase, and suggest that this reflects the formation of oc-
tameric Cse4 nucleosomes. During anaphase, Shivaraju et al. observe
reduced association of Scm3 with centromeres. How octameric nucleosomes
revert back to hemisomes remains unclear.
(B) Representation of the changes in an array of CENP-A nucleosomes during
the cell cycle in human cells. Bui et al. propose that, in humans, CENP-A exists
within a hemisome throughout the cell cycle except at the G1/S transition,
when CENP-A nucleosomes become octameric. In this model, new CENP-A
assembly in telophase/G1 is uncoupled from the reorganization of the
CENP-A nucleosome at G1/S and is correlated with a reduction in HJURP
association with chromatin. How CENP-A returns to hemisomes is unclear but
is suggested to involve equal distribution of CENP-A during DNA replication.
The splitting and equal distribution of octameric CENP-A nucleosomes to
daughter DNA strands is depicted here, but the segregation of intact octameric
nucleosomes to one DNA strand followed by subsequent reorganization is
also consistent with the Bui et al.’s observations. Importantly, no new CENP-A
is assembled during DNA replication, but histone H3 is incorporated into
chromatin as depicted.form a soluble histone
tetramer (CENP-A/H4)2 and,
in the presence of DNA and
H2A/H2B, an octameric
nucleosome (CENP-A/H4/
H2A/H2B)2 akin to H3 nucleo-
somes (reviewed in Maddox
et al., 2012). However, other
studies have suggested a
more unique organization of
the CENP-A nucleosome. In
particular, characterization
of yeast, fly, and human
CENP-A chromatin by cross-
linking, atomic force micros-
copy, and topological anal-
ysis indicated that CENP-A
nucleosomes can adopt a
"hemisomal" structure, con-
sisting of a single copy each
of H2A/H2B/CENP-A/H4, and
wrapping less DNA in a right,
rather than left-handed super-
helix (reviewed in Henikoff
and Furuyama, 2012). Using
a combination of quantitative
imaging and biochemical
analysis of CENP-A chro-
matin recovered from cells,
two papers in this issue argue
that the structure of the
CENP-A nucleosome is not
constant but changes with
the cell cycle.
An obvious distinction
between octameric nucleo-
somes and hemisomes is that
one should contain two mole-
cules of CENP-A, whereas
the other only one. However,
determining the absolute
number of CENP-Amolecules
at a centromere is difficult.
Studies based on chromatin
immunoprecipitation (ChIP)
have found that budding
yeast centromeres contain
a single Cse4 nucleosome
(Furuyama and Biggins,
2007), whereas quantitative
imaging studies have indi-
cated that the number ofCse4 molecules might be as high as
five (Coffman et al., 2011; Lawrimore
et al., 2011). To attempt to resolve these
differences, Shivaraju et al. (2012) devel-
oped a method to count the number of
enhanced green fluorescent protein246 Cell 150, July 20, 2012 ª2012 Elsevier InCse4-EGFP molecules at a centromere.
The authors calibrate cytosolic GFP fluo-
rescence by using fluorescence corre-
lation spectroscopy (FCS) and apply that
standard to estimate the number of
Cse4-EGFP molecules at the cluster ofc.16 centromeres in a yeast
cell. By comparing these
measurements to GFP-
labeled nuclear pore complex
proteins,whichhaveadefined
protein stoichiometry, Shivar-
aju et al. argue that 16 mole-
cules of Cse4 are present
in a 16 centromere cluster
and that this number doubles
to 32 after replication, when
sister centromeres are juxta-
posed. Surprisingly, the num-
ber of Cse4 molecules also
increases to 32 when cells
go through anaphase before
returning to 16 in G1. These
data suggest that yeast
centromeres contain a single
copy of Cse4 throughout the
cell cycle, with the exception
being anaphase, when the
copy number rises to two
(Figure 1A). This study also
indicates that budding yeast
recruit Cse4 to centromeres
during two distinct phases of
the cell cycle.
Does Cse4 recruitment to
anaphase centromeres cause
a change in the composition
of chromatin? Using a diploid
yeast cell harboring one
allele of Cse4-EGFP and one
of Cse4-mCherry, Shivaraju
et al. demonstrate that energy
transfer between Cse4-EGFP
and Cse4-mCherry increases
when cells are in anaphase.
Moreover, in a diploid yeast
strain expressing both Myc-
and FLAG-tagged Cse4, se-
quential immunoprecipitation
of Myc-Cse4 and FLAG-
Cse4 from nuclease-digested
chromatin reveals an ana-
phase-specific enrichment of
the 125 base pair sequence
that defines centromeres in
S. cerevisiae. These experi-
ments suggest an anaphase
transition from a nucleosomecontaining one copy of Cse4 to a nucleo-
somewith two copies and thus potentially
a transition from a hemisome to an octa-
meric nucleosome.
Could changes in CENP-A nucleo-
some composition also occur in other
organisms? Using methods previously
developed for isolating endogenous
CENP-A chromatin from cells, Bui et al.
(2012) collected centromeric nucleo-
somes from human cells in different cell-
cycle stagesandanalyzed themorphology
of those nucleosomes by atomic force
microscopy. They report that isolated
CENP-A nucleosomes increase in height
and volume specifically during S phase,
and thus may switch between hemi-
somes and octameric nucleosomes in a
process coordinated with DNA replication
(Figure 1B). Bui et al. then use a similar
assay as Shivaraju et al. to determine the
composition of CENP-A nucleosomes.
Immunoprecipitates of GFP-CENP-A
from nuclease-digested chromatin pre-
ferentially co-precipitates endogenous
CENP-A during S phase, suggestive of
nucleosomes containing two copies of
CENP-A. Taken together, Bui et al. argue
that human CENP-A nucleosomes also
undergo a structural transition from hemi-
somes to octameric nucleosomes, but
in a distinctly different stage of the cell
cycle than that observed for yeast cells.
What is the mechanism for the cell-
cycle-dependent change in centromeric
nucleosome organization? A conserved
chaperone protein required for CENP-A
assembly is Scm3/HJURP, which forms
a stable complex with a dimer of CENP-A
and histone H4, and transiently localizes
to centromeres in cells during the time of
newCENP-Aassembly (reviewed in (Black
and Cleveland, 2011; Maddox et al.,
2012)). Previous localization studies in
yeast have shown that Scm3 localizes to
the centromere in anaphase (Mizuguchi
et al., 2007). Surprisingly, Shivaraju et al.
quantify Scm3 ChIP to show that the
association of Scm3 with chromatin
decreases during anaphase, concurrent
with the doubling of Cse4-EGFP centro-
mere levels. This contradiction perhaps
reflects an increase in Scm3 turnover at
centromeres in anaphase, which mightreduce the amount of Scm3 associated
chromatin observed by ChIP, but would
be consistent with activation of Scm3-
mediated Cse4 loading.
Consistent with the observations made
in yeast, Bui and colleagues report that
the HJURP:CENP-A interaction, and the
presence of HJURP on chromatin fibers,
decreases during S phase, concurrent
with the change in the CENP-A nucleo-
some. Although these observations
suggest Scm3/HJURP association may
stabilize hemisomes, structural studies
indicate that Scm3/HJURP binding to
CENP-A/H4 dimers would preclude
nucleosomal incorporation of CENP-A/
H4 (Maddox et al. 2012). Thus, more
investigation is required to establish how
Scm3/HJURP association affects centro-
meric chromatin, or vice versa.
In humans, CENP-A assembly during
telophase/G1 is required to restore
CENP-A levels after DNA replication.
However, Cse4 is assembled in a
DNA replication-dependent manner in
S. cerevisiae. The purpose of anaphase
Cse4 assembly is not obvious, especially
as Cse4 returns to preanaphase levels
during telophase/G1. It is unclear whether
Cse4 is actually incorporated into chro-
matin during this anaphase window, but
if it is, one interesting possibility is that
this could provide a mechanism to
remove "old" Cse4 from chromatin during
telophase. Importantly, these data also
suggest that DNA-replication-indepen-
dent assembly of CENP-A during mitotic
exit may be conserved between budding
yeast and metazoan organisms.
In summary, both Shivaraju et al. and
Bui et al. present a model of hemisomes
acting as the "default" CENP-A nucleo-
some structure, with temporary transi-
tions to octameric nucleosomes during
anaphase (in yeast) and early S phase (in
humans). However, the recent observa-
tion that both histone H3 and Cse4 are
present at centromeres in budding yeastCellsuggests that octameric nucleosomes
containing CENP-A/H3/H42 "heterote-
tramers" could also represent a nucleo-
somal state containing one Cse4 mole-
cule at the centromere (Lochmann and
Ivanov, 2012). Furthermore, a significant
population of CENP-A/H3 heterotetra-
meric nucleosomes can be isolated from
human chromatin (Foltz et al., 2006), sug-
gesting that heterotetrameric nucleo-
somes may also play a role in humans.
Further studies are required to distinguish
between models for alternative nucleo-
some structures at eukaryotic centro-
meres. Moreover, characterizing the cell-
cycle timing of CENP-A nucleosome
reorganization in different organisms,
and how these changes are mediated,
remain key immediate goals for the
centromere field.
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